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In-situ terahertz optical Hall effect
measurements of ambient effects
on free charge carrier properties of
epitaxial graphene
Sean Knight1, Tino Hofmann1,2,3, Chamseddine Bouhafs2, Nerijus Armakavicius2, Philipp
Kühne2, Vallery Stanishev2, Ivan G. Ivanov4, Rositsa Yakimova4, Shawn Wimer1, Mathias
Schubert1,2,5 & Vanya Darakchieva2
Unraveling the doping-related charge carrier scattering mechanisms in two-dimensional materials
such as graphene is vital for limiting parasitic electrical conductivity losses in future electronic
applications. While electric field doping is well understood, assessment of mobility and density as a
function of chemical doping remained a challenge thus far. In this work, we investigate the effects of
cyclically exposing epitaxial graphene to controlled inert gases and ambient humidity conditions, while
measuring the Lorentz force-induced birefringence in graphene at Terahertz frequencies in magnetic
fields. This technique, previously identified as the optical analogue of the electrical Hall effect, permits
here measurement of charge carrier type, density, and mobility in epitaxial graphene on silicon-face
silicon carbide. We observe a distinct, nearly linear relationship between mobility and electron charge
density, similar to field-effect induced changes measured in electrical Hall bar devices previously. The
observed doping process is completely reversible and independent of the type of inert gas exposure.
Two dimensional materials are a new class of materials that attracted significant interest due to their unique
electronic, optical, and mechanical properties. Many properties differ dramatically from the bulk substances.
Examples include silicene, molybdenum disulfide, hexagonal boron nitride, and graphene1–4. These materials have wide spread applications such as high-frequency electronics, sensing elements, mechanically durable
and lightweight materials, medicine, energy storage, and more. Common to all two dimensional materials is
their extremely large surface to volume ratio, which make them very susceptible to substrate and ambient gas
adsorption effects. Graphene, one of the most studied two dimensional materials, has been shown to substantially change in its properties as a function of substrate, substrate polarity, and ambient media (gases, liquids)5–11.
Ambient induced doping is observed for many types of graphene, for instance epitaxial graphene on SiC5–7, exfoliated graphene on SiO28, and chemical vapor deposition (CVD) grown graphene9. However, the effect of ambient
doping on the free charge carrier mobility is rarely explored, mostly due to the lack of experimental techniques
capable of independently assessing carrier density and mobility without further modifying graphene. For instance
standard electrical Hall effect measurements require contacts and Hall bar fabrication, which involve multiple
processing steps that may modify graphene properties. In this work, ambient effects on the free charge carrier
density and mobility of epitaxial graphene grown by Si-sublimation on the Si-face (0001) of 4H-SiC is studied as
an example12.
This type of graphene typically exhibits n-type conductivity due to a complex interaction with the Si-face
SiC substrates via the buffer layer13, 14. The intrinsic electron doping of pristine monolayer epitaxial graphene
on Si-face SiC was found to be on the order of 1013 cm−2 6. The polarity of the Si-face SiC also gives rise to
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Figure 1. (a) Schematic of single-layer epitaxial graphene on SiC substrate located on top of a permanent
magnet within a sealed gas chamber with optical ports for polarized THz radiation, and THz ellipsometer setup.
(b) Schematic of the cavity-enhancement of the THz optical Hall effect using a resonant cavity between the
sample and magnet surface. (c) Representative micro-reflectance map of the graphene surface. (d) Representative
micro-Raman spectra of 1 ML and 2 ML sample areas.
high hydrophilicity, which is relatively unchanged with addition of a graphene monolayer15. Similar to other
two dimensional materials, graphene’s properties are also extremely sensitive to adsorbed gas molecules5–7, 16, 17.
Previous studies of the electrical properties of epitaxial graphene on SiC as a function of the ambient conditions employ contact-based techniques or Kelvin probe approaches and typically do not report changes in Ns
and μ simultaneously. For example, the authors in Ref. 5 use a 4-point probe device to perform resistance and
thermo-electric power measurements during various phases of gas exposure and annealing cycles. Reference 6
reports on characterization using a Hall bar device and Scanning Kelvin Probe Microscopy (SKPM), and which
do not provide changes in Ns and μ simultaneously. In order to fully understand the ambient doping and scattering mechanisms in epitaxial graphene, accurate information on the free charge carrier parameters as a function of
the ambient conditions is required. Here we report on the first in-situ, contactless determination of the majority
free charge carrier type, Ns, and μ using terahertz-frequency optical Hall effect measurements (THz-OHE)18–20.
We expose a monolayer graphene sample to various gases and report the results of the best-match model data
analysis from optical Hall effect measurements. Along with Ns and μ, the THz-OHE signal allows us to determine
the majority free charge carrier type (electrons). This is important information since the majority carrier type of
epitaxial graphene on Si-face SiC can vary from sample to sample16, 21, 22. We find that exposure to ambient causes
significant changes in the free charge carrier properties sheet carrier concentration Ns and mobility μ for epitaxial
graphene on SiC.

Results and Discussion

Figure 1a details a conceptual drawing of the sample arrangement within the gas flow cell. Ellipsometric data
are measured at oblique incidence as a function of time for various gas exposure phases. Figure 1b depicts the
scheme of the optical Hall effect arrangement, where an external cavity is added. The cavity significantly enhances
the optical Hall effect in two-dimensional charge carrier densities18. The sample investigated here consists of
99% monolayer (ML) graphene and 1% bilayer (BL) inclusions as illustrated in a representative microscopic
reflectance-converted-thickness map in Fig. 1c. Reflectivity and low-energy electron microscopy mapping, and
scan lines confirm the thickness homogeniety of the epitaxial graphene sample over the entire surface area of
10 mm × 10 mm. A representative micro-Raman spectra for 1 ML and 2 ML sample areas is shown in Fig. 1d. See
the Methods section for further details on the experimental setup.

In-situ optical Hall effect gas exposure monitoring. Figure 2 shows the in-situ optical Hall effect
best-match model results for sheet carrier density Ns and mobility μ as a function of gas exposure for the ML
graphene sample. After growth, the sample was exposed to normal ambient conditions (air measured with relative
humidity (RH) of 45%) for approximately 15 minutes, and then mounted in the gas flow cell. During the experiment, large dynamic changes in Ns and μ are observed when changing the gas type. It can be seen that nitrogen
Scientific Reports | 7: 5151 | DOI:10.1038/s41598-017-05333-w
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Figure 2. Best-match model results for sheet carrier density Ns and mobility μ as a function of time. The shaded
regions correspond to exposure to different types of gas at various relative humidities (RH). The flow rate of
0.5 liters/minute at normal pressure is constant for all exposure phases. Error bars for the best-match model
parameters are shown here for each data point as vertical lines. Solid lines depict single-process exponential
decay functions, for which rate constants and equilibrium parameters are given in the text.

and helium exposure (both 0% RH) increases Ns while ambient exposure (45% RH) decreases Ns. This behavior
is consistent with previous results on epitaxial graphene on SiC6, 16. The change in Ns from air exposure can be
explained by a redox reaction at the surface of the graphene involving various environmental gases, which results
in electron withdrawal5. Exposure to an inert gas, such as nitrogen or helium, is thought to cause the doping
agents at the graphene surface to desorb, which reverses the electron withdrawal.
The prolonged exposure of single-layer graphene to inert gases drastically changes Ns and μ. We observe an
approximate single process exponential decay with mean life time τ for both quantities, where the exposure to
helium results in faster changes (τHe ≈ 45 min) than the exposure to nitrogen (τN2 ≈ 50 min). The exposure to air
results in electron reduction at a rate (τAir ≈ 20 min) faster than the observed changes during the exposure to the
inert gases. We estimate the equilibrium electron density (Ns,∞) and mobility (μs,∞) parameters for infinite exposure time of helium, nitrogen, and air as 2.2 × 1012 cm−2 and 1960 cm2/Vs, 1.9 × 1012 cm−2 and 2100 cm2/Vs, and
8.8 × 1011 cm−2 and 2530 cm2/Vs, respectively. There is a noticeable difference in Ns,∞ and μs,∞ for He and N2
exposure. The cause of this difference is unknown at this point. The difference may be explained by more effective
impurity desorption from He compared to N2, or in different modifications of the graphene-SiC interaction.
One possible scenario explaining the observed time evolution of Ns shown in Fig. 2 is an ambient acceptor doping redox reaction at the graphene surface involving O2, H2O, and CO25. To summarize this previously
proposed mechanism, first thin films of water form at surfaces when exposed to ambient. These films contain
dissolved CO2, which reacts with water causing an excess of H+. O2 dissolved in the water film reacts with H+
and electrons borrowed from the graphene and forms additional water molecules, thereby chemically acceptor
doping the graphene. While this reaction may not be the only possible chemical process, it is described as the
most dominant23. In principle, it is also possible that the observed changes in Ns and μ may be related to a modification of the Van der Waals interaction between Si-C and C-C at the SiC-graphene interface. However, exposure
to ambient and different inert gases of bare SiC substrate and a sample containing only a buffer layer grown at the
same conditions as the epitaxial graphene show no change in the THz-OHE signals. We also note that both SiC
substrate and the buffer sample do not produce any free charge carrier related response.

Mobility and conductivity dependence on carrier density. In order to investigate the free charge car-

rier scattering mechanisms, which are affected by the observed chemical acceptor doping of graphene, μ and conductivity σ are plotted as a function of Ns in Fig. 3. Figure 3a shows the results in Fig. 2 as μ versus Ns. Figure 3b
depicts the results from Fig. 2 now as σ versus Ns, where σ = Nseμ and e is the electron charge24. Interestingly, the
same nearly linear dependence of μ versus Ns with time is observed regardless of the type of gas exposure. Since
different scattering mechanisms produce different functional dependencies of mobility versus density, one might
Scientific Reports | 7: 5151 | DOI:10.1038/s41598-017-05333-w
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Figure 3. Panel (a) shows mobility μ versus sheet density Ns for all data in Fig. 2. Panel (b) shows conductivity σ
versus Ns, where σ is expressed in quantum units (e2/h). Red lines show the best-match model fit for μ(Ns) using
the equation μ−1 ≈ μconst−1 + Ns/a, where a is the constant fit parameter. Arrows indicate directions of time
evolution. Colors and symbols identify phases of gas exposure as in Fig. 2.

anticipate that exposure to different gases would result in different traces of μ versus Ns. However, the observed
common traces for He and N2 suggest that the scattering mechanisms which cause variations in μ are similar. The
common traces for inert and ambient gases suggest that inert gases reverse the scattering mechanism influence
from air exposure.
In an attempt to apply a model for μ as a function of Ns, Matthiessen’s rule is applied to combine a constant
mobility contribution μconst and an Ns-dependent contribution μn ~ 1/Ns (Fig. 3a)25, 26. This model approach has
been used, in part, by Tanabe et al.27 to describe electrical Hall effect results for μ versus Ns, where Ns is varied by
electric field-effect doping. In Tanabe et al., μconst represents a constant contribution from charged impurity (long
range) scattering, and μn represents the Ns-dependent point (short range) scattering contribution27. In contrast
with our work, the ambient conditions were not varied in the experiments performed by Tanabe et al. Therefore,
our experiment may include different contributions to charge carrier scattering and further experimentation is
needed to determine the exact source of mobility limitation. Furthermore, the fabricated Hall bars and electrodes
in Tanabe et al. may introduce additional contributions to carrier scattering compared to our virgin sample. In
Tanabe et al., the number of charged impurities is likely not to vary throughout the experiment, unlike this work
in which impurities can be introduced by gases. Our observation suggests that it is possible only the carrier density in the graphene changes as a result of gas exposure and where the observed change in mobility is only given
by the μ(Ns) dependence. This would also provide a possible explanation why both μ(Ns) and σ(Ns) (Fig. 3(a)
and (b)) show so little dependence on the gas species. A variation in number of charged impurities during our
experiment could also explain the change in μ, if number of charged impurities is proportional to Ns24, 28–33.
Other possibilities for the observed μ change include acoustic phonon scattering34, or even gas-induced modifications to interactions between graphene, buffer layer, or SiC substrate. The best-match model parameters for
μ(Ns) are μconst = (3214 ± 35) cm2/Vs and a = (1.20 ± 0.03) × 1016 (Vs)−1, where a is the proportionality constant
in μn = a/Ns clearly describe all observed data points. Note that parameter a does not necessarily correspond to
any specific scattering mechanism, but is reported here to describe the observed relationship.
Recent electrical Hall bar experiments on very similar epitaxial graphene also show a linear μ versus Ns
dependence35. In the report by Yager et al., many Hall bar devices were fabricated and investigated on primarily
1 ML graphene. In contrast to our work, the variation in Ns reported by Yager et al. is a result of variation of small
2 ML coverage inside certain devices. In Ref. 35 it is noted that one would never know why the results are so
inconsistent, unless microscopic images of the devices are inspected and variations in 2 ML coverage are detected.
One advantage of the THz-OHE, and ellipsometry in general, is the ability to acquire an average response over
the entire sample. This eliminates parameter variations associated with fabricating devices to obtain consistent
values of Ns, μ, and carrier type.

Conclusions

In summary, we have obtained Ns and μ of epitaxial graphene as a function of gas exposure using the
cavity-enhanced in-situ THz-OHE, which allows contactless determination of these properties. In addition to the
free charge carrier properties, the THz-OHE allows access to the majority carrier type, which is determined to be
electrons. The results of the best-match model analysis reveal important information about the ambient doping
and scattering mechanisms for epitaxial graphene on Si-face (0001) 4H-SiC. In agreement with previous works5, 6,
it is found that exposure to an inert gas, such as helium or nitrogen, reverses the electron withdrawal caused by
ambient. The change in Ns and μ as a function of gas exposure can be approximated by a single process exponential decay function. The results indicate epitaxial graphene on Si-face SiC could take longer than one day to reach
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its final ambient state. This is important to consider when studying graphene recently exposed to ambient, since
its properties may differ from day to day.
The observed μ versus Ns dependence is universal for all phases of gas exposure. This suggests inert gases
reverse the scattering mechanism influence caused by air exposure. When a model is applied for μ as function of
Ns, we find one constant and one ~1/Ns term is needed to describe the dependence. This suggests that it is possible
only the carrier density in the graphene changes as a result of gas exposure and where the observed change in
mobility is only given by the μ(Ns) dependence. This scenario also provides explanation for the observed universality of μ(Ns) and σ(Ns) dependencies on the gas species. However, further investigation is needed to distinguish
the exact mechanisms which control and limit μ. The experiments performed here demonstrate the ability of
the in-situ THz-OHE to obtain Ns, μ, and majority carrier type with a high time resolution which is valuable for
characterizing two-dimensional materials. Examining the relationship between these properties enables insight
into the doping processes and scattering mechanisms as function of environmental variables.

Methods

Cavity-enhanced terahertz optical Hall effect. The measurement technique implemented here is the
cavity-enhanced terahertz optical Hall effect. Recently, this technique has been demonstrated as viable non-contact method to obtain free charge carrier properties using low-field permanent magnets18, 19. A tunable, externally-coupled cavity is used to enhance the THz-OHE signal, which allows the accurate determination of a sample’s
free charge carrier properties even at low magnetic fields. Placing the sample near the THz reflective metal surface of the permanent magnet allows the typically unused radiation emitted out the backside of the sample to be
reflected back in (Fig. 1b), thus enhancing the THz-OHE signal. Model simulations are used to determine the
ideal external cavity size, which for this graphene sample is 100 μm.
Gas flow cell.

The body of the gas flow cell (Fig. 1a) is constructed from Delrin, and the top and bottom lids
are acrylic. The gas cell window material is homopolymer polypropylene and each window is 0.27 mm thick. The
flow rate used in the cell is approximately 0.5 liters/minute. The background pressure for all gas exposure phases
was 1 atm. A vacuum pump (Linicon) is used to flow unaltered ambient gas into the cell, and pressurized purge
lines are used to provide nitrogen and helium flow. The permanent magnet mounted inside the cell is high-grade
neodymium (N42). The magnetic field near the north surface is 0.55 Tesla, which is determined using a Hall effect
sensor (Lake Shore). THz radiation shielding (not shown) is used to suppress edge reflections from side walls,
sample boundaries and magnet surfaces. The THz beam spot covers the entire sample. Any radiation incident on
the edges of sample is suppressed by the THz radiation shielding.

Terahertz ellipsometer.

Measurements were performed using a custom-built rotating-analyzer THz ellipsometer at the Terahertz Materials Analysis Center in Linköping University12, 19. The instrument is capable of
measuring the upper-left 3 × 3 block of the Mueller matrix, which fully characterizes the THz-OHE signal.

Sample growth and characterization. Monolayer graphene is grown by high-temperature sublimation
in Ar atmosphere on Si-face 4H-SiC12, 36. The representative 532-nm-wavelength reflectance-converted-thickness
map (Fig. 1c) is obtained with a 300 nm lateral step resolution and a 100× objective37. The sample dimensions are
10 × 10 × 0.35 mm.
Ellipsometry and optical Hall effect model analysis. In this work, ellipsometry is used to determine
graphene’s free charge carrier properties. This is a technique, which measures polarization changes in electromagnetic radiation upon, in this case, reflection off a sample38. Ellipsometry is an indirect measurement technique
that requires an optical model be fit to experimental data to obtain desired sample parameters. The fit algorithm
used is the Levenberg-Marquardt non-linear regression method39. Here, ellipsometric data are reported in the
Mueller matrix formalism40.
The sample’s optical response is governed by the dielectric function. In the THz spectral range, the dielectric
function consists of contributions from free charge carriers and a magnetooptic contribution, which is due to the
presence of magnetic field, as described in refs 41 and 42.
A stratified layer model is used to represent the graphene/SiC substrate/external cavity/metallic magnet surface system (Fig. 1b). The millimeter wavelength of the THz beam renders it insensitive to non-electrically conductive thin films of few nm thickness only. Hence, any intricate dielectric variations near the graphene-SiC
interface, such as the formation of a buffer layer, is undetectable by our present ellipsometry setup. On the contrary, free charge carriers produce very large dielectric responses, and are clearly detectable. Here, a 1 nm thick
layer containing free charge carriers is used to represent the graphene atop the SiC substrate with no intermediate
layers. The SiC substrate is insulating and no free charge carrier contribution is included for this layer. In the
same vain, a water film is not included in the THz optical model either since previous experiments for similar
samples and for similar environmental conditions have shown water adsorbates on epitaxial graphene on SiC to
be approximately 1 nm thick15. Using previously determined dielectric constants for water at THz frequencies43,
our simulations show the change in polarization due to such a film can be neglected. This also implies that the
inclusion of a water and/or buffer layer would have no effect on the accuracy of the reported Ns and μ values.
Furthermore, the response of the bare Si-face SiC substrate as well as a buffer layer sample mounted on the permanent magnet were investigated by exposing to N2 and unaltered ambient gas. No change in the measured data
is observed when switching between the gases.
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Figure 4. In-situ experimental (green triangles) and modeled (red lines) Mueller matrix data as a function of
time for all gas exposure phases. The shaded regions correspond to different types of gas flow at various relative
humidities (RH). Data shown here is acquired at a single frequency ν = 428 GHz. Mueller matrix elements not
shown here are either similar or identical to the elements depicted and are excluded for brevity. Data is acquired
at an angle of incidence Φa = 45° and at room temperature.

To obtain the parameters Ns and μ, the optical model was fit to the in-situ data acquired at a single frequency
(ν = 428 GHz). The parameters were determined by a point-by-point analysis, meaning Ns and μ were determined
by a fit process to the experimental data obtained for each point in time separately.
Due to experimental constraints, effective mass m* is not obtained in the analysis and has been implemented
as function of Ns using the equation m⁎ = (h2Ns)/(4πvf2) , where νf = 1.02 × 106 m/s is the Fermi velocity, according to Ref. 44. The cavity-enhanced THz-OHE is, in fact, capable of attaining m* in addition to Ns and μ18.
However to improve the time resolution of the in-situ measurement, experimental data was only obtained at one
frequency ν = 428 GHz, one angle of incidence Φa = 45°, and one sample-magnet air gap distance dgap = 100 μm.
If one or more of these variables were utilized during the in-situ measurement the sensitivity to all free charge
carrier properties would increase.
During data analysis, to correct for slight misalignment of the THz ellipsometer we employ one frequency- and
time-independent correction matrix in the optical model. The correction is made by matrix multiplication of the
Mueller matrix representing the sample-magnet system and a correction matrix representing a small constant offset
induced by the instrument. To find the correction matrix values used in the analysis, all the elements of that matrix
were fit to data obtained at multiple frequencies (385 to 395 GHz) before the gas flow experiment. In this spectral
range, there are no changes due to the sample or magnet, but only changes from minor instrument non-idealities.

Experimental data.

Figure 4 shows changes in the Mueller matrix data acquired at a single frequency
(ν = 428 GHz) as a function of time for different gas exposures. The Mueller matrix elements depicted here are
M12 and M23. For this sample and permanent magnet configuration, the M12 element experiences the largest
change with variation in the free charge carrier properties. The frequency ν = 428 GHz was chosen because this
is where the maximum change in M12 occurs. The M23, as well as all other off-block-diagonal Mueller matrix elements, characterize the THz-OHE signal and would be zero if there were no magnetic field present. The negative
value of this element indicates the sample is n-type, since the sample is mounted on the north pole-face of the
permanent magnet. Note that a sign reversal of this element would indicate a reversal of conductivity from n-type
to p-type. Such type of change, for example, can be induced by use of reactive gases such as NO216.
Breaks in the experimental data near the end of each gas flow phase are where data was obtained at multiple
frequencies to verify the optical model. This is verification was done before the point-by-point analysis was performed. Data recorded prior to those reported here were taken during repeated gas exposure cycles, and were
found highly reproducible. Note, certain Mueller matrix elements are excluded for brevity. The M21 and M32 are
omitted due to being essentially equal to M12 and M23 respectively. M13 and M31 are essentially equal and are omitted since they resemble M23. M22 and M33 show very little change and are omitted.

References

1. Oughaddou, H. et al. Silicene, a promising new 2D material. Prog. Surf. Sci. 90, 46–83 (2015).
2. Li, X. & Zhu, H. Two-dimensional MoS2: Properties, preparation, and applications. J. Materiomics 1, 33–44 (2015).
3. Bao, J. et al. Synthesis and applications of two-dimensional hexagonal boron nitride in electronics manufacturing. Electron. Mater.
Lett. 12, 1–16 (2016).

Scientific Reports | 7: 5151 | DOI:10.1038/s41598-017-05333-w

6

www.nature.com/scientificreports/
4. Choi, W., Lahiri, I., Seelaboyina, R. & Kang, Y. S. Synthesis of graphene and its applications: A review. Crit. Rev. Solid State Mater. Sci.
35, 52–71 (2010).
5. Sidorov, A. N. et al. Charge transfer equilibria in ambient-exposed epitaxial graphene on 6H-SiC. J. Appl. Phys. 111, 113706 (2012).
6. Giusca, C. E. et al. Water affinity to epitaxial graphene: The impact of layer thickness. Adv. Mater. Interf. 2, 1500252 (2015).
7. Nomani, M. W. et al. Highly sensitive and selective detection of NO2 using epitaxial graphene on 6H-SiC. Sens. Actuators B Chem.
150, 301–307 (2010).
8. Yang, Y. & Murali, R. Binding mechanisms of molecular oxygen and moisture to graphene. Appl. Phys. Lett. 98, 093116 (2011).
9. Chan, J. et al. Reducing extrinsic performance-limiting factors in graphene grown by chemical vapor deposition. ACS Nano 6,
3224–3229 (2012).
10. Docherty, C. J. et al. Extreme sensitivity of graphene photoconductivity to environmental gases. Nat. Commun. 3, 1228, doi:10.1038/
ncomms2235 (2012).
11. Pinto, H. & Markevich, A. Electronic and electrochemical doping of graphene by surface adsorbates. Beilstein J. Nanotechnol. 5,
1842–1848 (2014).
12. Armakavicius, N. et al. Cavity-enhanced optical Hall effect in epitaxial graphene detected at terahertz frequencies. Appl. Surf. Sci.
doi:10.1016/j.apsusc.2016.10.023 (2016).
13. Yakimova, R. et al. Morphological and electronic properties of epitaxial graphene on SiC. Physica B 439, 54–59 (2014).
14. Riedl, C., Coletti, C. & Starke, U. Structural and electronic properties of epitaxial graphene on SiC (0001): A review of growth,
characterization, transfer doping and hydrogen intercalation. J. Phys. D: Appl. Phys. 43, 374009 (2010).
15. Kazakova, O., Panchal, V. & Burnett, T. L. Epitaxial graphene and graphene–based devices studied by electrical scanning probe
microscopy. Crystals 3, 191–233 (2013).
16. Pearce, R. et al. Epitaxially grown graphene based gas sensors for ultra sensitive NO2 detection. Sens. Actuators B Chem 155, 451–455
(2011).
17. Kong, L., Enders, A., Rahman, T. S. & Dowben, P. A. Molecular adsorption on graphene. J. Phys. Condens. Matter 26, 443001 (2014).
18. Knight, S. et al. Cavity-enhanced optical Hall effect in two-dimensional free charge carrier gases detected at terahertz frequencies.
Opt. Lett. 40, 2688 (2015).
19. Armakavicius, N. et al. Properties of two-dimensional electron gas in AlGaN/GaN HEMT structures determined by cavityenhanced THz optical Hall effect. Phys. Status Solidi C 13, 369–373 (2016).
20. Kühne, P., Herzinger, C., Schubert, M., Woollam, J. & Hofmann, T. Invited article: An integrated mid-infrared, far-infrared, and
terahertz optical Hall effect instrument. Rev. Sci. Instrum. 85, 071301 (2014).
21. Tedesco, J. L. et al. Hall effect mobility of epitaxial graphene grown on silicon carbide. Appl. Phys. Lett. 95, 122102 (2009).
22. Hofmann, T. et al. Hole-channel conductivity in epitaxial graphene determined by terahertz optical-Hall effect and midinfrared
ellipsometry. Appl. Phys. Lett. 98, 041906 (2011).
23. Chakrapani, V. et al. Charge transfer equilibria between diamond and an aqueous oxygen electrochemical redox couple. Science 318,
1424 (2007).
24. Adam, S., Hwang, E., Galitski, V. & Sarma, S. D. A self-consistent theory for graphene transport. Proc. Natl. Acad. Sci. USA 104,
18392–18397 (2007).
25. Zhu, W., Perebeinos, V., Freitag, M. & Avouris, P. Carrier scattering, mobilities, and electrostatic potential in monolayer, bilayer, and
trilayer graphene. Phys. Rev. B 80, 235402 (2009).
26. Hwang, E., Adam, S. & Sarma, S. D. Carrier transport in two-dimensional graphene layers. Phys. Rev. Lett. 98, 186806 (2007).
27. Tanabe, S., Sekine, Y., Kageshima, H., Nagase, M. & Hibino, H. Carrier transport mechanism in graphene on SiC (0001). Phys. Rev.
B 84, 115458 (2011).
28. Chen, J.-H. et al. Charged-impurity scattering in graphene. Nature Phys 4, 377–381 (2008).
29. Hofmann, M., Hsieh, Y.-P., Chang, K.-W., Tsai, H.-G. & Chen, T.-T. Dopant morphology as the factor limiting graphene conductivity.
Sci. Rep. 5, doi:10.1038/srep17393 (2015).
30. Hwang, E., Adam, S. & Sarma, S. D. Transport in chemically doped graphene in the presence of adsorbed molecules. Phys. Rev. B 76,
195421 (2007).
31. Buron, J. D. et al. Graphene mobility mapping. Sci. Rep. 5, 12305, doi:10.1038/srep12305 (2015).
32. Ando, T. Screening effect and impurity scattering in monolayer graphene. J. Phys. Soc. Jpn. 75, 074716 (2006).
33. Yang, Y., Brenner, K. & Murali, R. The influence of atmosphere on electrical transport in graphene. Carbon 50, 1727–1733 (2012).
34. Hwang, E. & Sarma, S. D. Acoustic phonon scattering limited carrier mobility in two-dimensional extrinsic graphene. Phys. Rev. B
77, 115449 (2008).
35. Yager, T., Lartsev, A., Yakimova, R., Lara-Avila, S. & Kubatkin, S. Wafer-scale homogeneity of transport properties in epitaxial
graphene on SiC. Carbon 87, 409–414 (2015).
36. Bouhafs, C. Structural and Electronic Properties of Graphene on 4H- and 3C-SiC. Ph.D. Thesis, Linköping University Electronic Press
(2016).
37. Ivanov, I. G. et al. Layer-number determination in graphene on SiC by reflectance mapping. Carbon 77, 492–500 (2014).
38. Azzam, R. & Bashara, N. Ellipsometry and Polarized Light (North-Holand, 1984).
39. Press, W. H. Numerical Recipes 3rd Edition: The Art of Scientific Computing (Cambridge University Press, 2007).
40. Fujiwara, H. Spectroscopic Ellipsometry (John Wiley & Sons, New York, 2007).
41. Schubert, M., Kühne, P., Darakchieva, V. & Hofmann, T. Optical Hall effect model description: Tutorial. J. Opt. Soc. Am. A 33,
1553–1568 (2016).
42. Schubert, M., Hofmann, T. & Herzinger, C. M. Generalized far-infrared magneto-optic ellipsometry for semiconductor layer
structures: determination of free-carrier effective-mass, mobility, and concentration parameters in n-type GaAs. J. Opt. Soc. Am. A
20, 347–356 (2003).
43. Liebe, H. J., Hufford, G. A. & Manabe, T. A model for the complex permittivity of water at frequencies below 1 THz. Int. J. Infrared
Milli 12, 659–675 (1991).
44. Novoselov, K. S. et al. Two-dimensional gas of massless dirac fermions in graphene. Nature 438, 197–200, doi:10.1038/nature04233
(2005).

Acknowledgements

We acknowledge support from the Swedish Research Council (VR Contracts 2013–5580 and 2016–00889), the
Swedish Governmental Agency for Innovation Systems (VINNOVA grants No. 2011-03486, 2014-04712), the
Swedish Foundation for Strategic Research (SSF, grants No. FFL12-0181, RIF14-055), the Swedish Government
Strategic Research Area in Materials Science on Functional Materials at Linköping University (Faculty Grant
SFO Mat LiU No 2009 00971), the National Science Foundation through the Center for Nanohybrid Functional
Materials (EPS-1004094), the Nebraska Materials Research Science and Engineering Center (DMR-1420645),
and awards CMMI 1337856 and EAR 1521428.

Scientific Reports | 7: 5151 | DOI:10.1038/s41598-017-05333-w

7

www.nature.com/scientificreports/

Author Contributions

S.K. performed THz experiments, analyzed results, and drafted the manuscript. T.H. assisted in experiment
preparation, conduction, and analysis of data. C.B. performed sample growth and reflectance measurements,
and participated in conduction of the THz experiments and discussions. N.A. and P.K. constructed the THz
ellipsometer used in this work, and assisted in THz experiments. V.S. assisted with sample preparation, the
reflectance and Raman scattering data analysis. I.G.I. assisted with the micro-reflectance and micro-Raman
scattering experiments and R.Y. provided laboratory collaboration enabling graphene growth. S.W. designed
and constructed the gas flow cell, and aided in research. M.S. conceived the experiment, aided in manuscript
preparation, and in analyzing results. V.D. supervised the work, contributed to the manuscript, provided guidance
during experiments and data analysis, and provided the THz material analysis center facilities.

Additional Information

Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2017

Scientific Reports | 7: 5151 | DOI:10.1038/s41598-017-05333-w

8

